Brucella abortus reportedly produces the monocatechol siderophore 2,3-dihydroxybenzoic acid (2,3-DHBA) in response to iron limitation. Nucleotide sequence analysis of the cloned DHBA biosynthesis locus from virulent B. abortus 2308 and genetic complementation of defined Escherichia coli mutants were used to identify the B. abortus genes (designated dhbC, -B, and -A) responsible for synthesis of this siderophore. Reverse transcriptase PCR analysis of total RNA with dhb-specific primers demonstrated that dhbC, -B, and -A are transcribed as components of an operon, together with dhbE, a functional homolog of the Escherichia coli entE gene. Homologs of the E. coli entD and Vibrio cholerae vibH genes were also detected in the flanking regions immediately adjacent to the B. abortus dhbCEBA operon, suggesting that B. abortus has the genetic capacity to produce a more complex 2,3-DHBA-based siderophore. Slot blot hybridization experiments and primer extension analysis showed that transcription of the B. abortus dhbCEBA operon originates from two iron-regulated promoters located upstream of dhbC. Consistent with their iron-dependent regulation, both of the dhbCEBA promoter sequences contain typical consensus Fur-binding motifs. Although previously published studies have shown that 2,3-DHBA production is not required for the establishment and maintenance of chronic spleen infection by B. abortus in mice, experimental infection of pregnant cattle with the B. abortus dhbC mutant BHB1 clearly showed that production of this siderophore is essential for wild-type virulence in the natural ruminant host.
Iron deprivation is an effective host defense that is used by plants and mammals to restrict the growth of microbial pathogens within their tissues (10, 37) . Pathogens have developed multiple strategies to overcome iron limitation, and one of the best-known methods is through the synthesis of low-molecularweight iron chelators known as siderophores. Brucella abortus synthesizes the monocatechol siderophore 2,3-dihydroxybenzoic acid (2,3-DHBA) in response to iron limitation in vitro, and experimental studies have clearly shown that this compound functions efficiently in iron acquisition under in vitro conditions (27, 28) . Although 2,3-DHBA production is relatively common among bacteria, this compound is frequently observed only as an intermediate in the synthesis of more complex catechol-based siderophores (9, 30) . For example, 2,3-DHBA serves as the precursor for the bacterial siderophores enterochelin (19, 32) , vibriobactin (54) , and amonabactin (7) . Upon initial characterization of the cloned B. abortus 2,3-DHBA biosynthesis operon, the presence of several potential genes that could lead to the production of a more complex DHBA-based siderophore was detected (8) .
These findings were intriguing, since previous studies have shown that B. abortus does not produce nor can it utilize complex polycatechol-based siderophores (27) .
In vitro studies have shown that the addition of 2,3-DHBA to cultured murine macrophages infected with B. abortus results in increased numbers of intracellular bacteria at 48 h postinfection (25) . This observation suggested that 2,3-DHBA acts as a virulence determinant by contributing to the intracellular survival of this organism. Subsequent studies employing a genetically defined B. abortus mutant (designated BHB1) that does not produce 2,3-DHBA, however, indicated that production of this siderophore is not required for wild-type virulence in either BALB/c (Brucella sensitive) (8) or C57BL/6 (Brucella resistant) mice (34) . Preliminary studies with pregnant goats, on the other hand, suggested that 2,3-DHBA production plays a major role in the virulence of B. abortus in pregnant ruminants (B. Bellaire, C. Baldwin, P. Elzer, and R. Roop, Abstr. 100th Gen. Meet. Am. Soc. Microbiol., abstr. B- 17, 2000) .
The studies described in this report were undertaken to define the genetic composition and organization of the B. abortus 2,3-DHBA biosynthesis operon and to evaluate the contribution of 2,3-DHBA to the virulence of B. abortus in its natural ruminant host. The results of these studies suggest that B. abortus has the capacity to use 2,3-DHBA to produce a more complex catechol-based siderophore under certain environ-mental conditions, which is consistent with the recent report by González Carreró et al. (18) describing the production of a complex 2,3-DHBA-based siderophore known as brucebactin in response to iron limitation. The studies described in this report also clearly show that 2,3-DHBA production is essential for the wild-type virulence of B. abortus 2308 in pregnant cattle.
MATERIALS AND METHODS
Culture media and growth conditions. The bacterial strains and vectors used in this study are listed in Table 1 . For the routine culture of Escherichia coli strains, Luria-Bertani (LB) broth and agar were used. Brucella abortus strains were routinely grown in brucella broth (Difco) at 37°C or on Schaedler agar (Difco) supplemented with 5% defibrinated bovine blood incubated at 37°C under 5% CO 2 . Ampicillin and kanamycin were added to these culture media as needed at final concentrations of 100 and 45 g/ml, respectively. Chrome azurol S (CAS) plates were prepared as previously described (48) . Endogenous iron was removed from the CAS medium prior to use by 8-hydroxyquinilone extraction. Low-iron minimal medium was prepared as previously described (27) , and 50 M FeCl 3 was added to this medium as a control for growth under iron-replete conditions when appropriate.
Genetic techniques. Standard genetic techniques (6) were employed for the cloning and subcloning of the B. abortus dhb operon. A cosmid library was constructed by ligating BamHI-digested pHC79 with B. abortus 2308 genomic DNA fragments partially digested with Sau3A and size fractionated by centrifugation on a 5 to 25% NaCl gradient. The fractions selected for ligation were those rich in fragments between 35 and 45 kb in length determined by 0.7% agarose gel electrophoresis. The ligation mix was packaged into phage by using Packagene (Stratagene). E. coli SAB11 grown overnight in LB broth supplemented with 2% maltose was infected with packaged phage for 20 min. One milliliter of LB broth was added to the mixture containing infected cells, which was then incubated at 37°C for 1 h, and cosmid-containing transformants were selected by plating onto LB agar supplemented with ampicillin. Individual colonies were transferred to 96-well plates containing LB broth supplemented with ampicillin and incubated without shaking for 48 h at 37°C. Total DNA was prepared from these cells in the 96-well format, transferred to a positively charged nylon membrane (Immobilon; Millipore) with a dot blot apparatus (Bio-Rad), and cross-linked to the membrane by UV irradiation (Stratalinker, Stratagene). Immobilized DNA was screened by dot blot Southern hybridization for reactivity with a radiolabeled dhbC-specific probe (a 2.3-kb EcoRI fragment from pPS50) (8) , generated by using [␥-32 P]dCTP and random priming procedures (43) . Nucleotide sequence analysis of cloned DNA fragments was performed by the dideoxy chain termination procedures described by Sanger et al. (46) . Computer-assisted analysis of nucleotide sequences was performed with the software program VectorNTI (InforMax), and the Basic Local Alignment Search Tool (BLAST) algorithm (3) was used to compare the sequences with the nucleotide and amino acid sequences currently deposited in GenBank.
Genetic complementation of E. coli ent mutants. Restriction fragments encompassing selected regions of the cloned B. abortus DHBA biosynthesis operon were subcloned into pBluescript II KSϩ, and the resulting recombinant plasmids were tested for their ability to restore siderophore production in E. coli strains carrying defined ent mutations (Table 1) . Halo production on CAS plates and the catechol-specific Arnow assay (5, 36) were used to measure siderophore production by the recombinant E. coli strains.
RNA isolation and analysis. Total RNA was isolated from B. abortus cultures grown to an optical density at 600 nm (OD 600 ) of 0.25 to 0.70 in brucella broth (iron replete) or brucella broth supplemented with 600 M EDDA (iron deplete) by the RNeasy Total RNA isolation method (Qiagen) modified in the following manner. Cells from 10 ml of culture were collected by centrifugation, resuspended in 700 l of Tris-EDTA (TE) buffer at pH 8.0, and vortexed briefly with an equal volume of chloroform. After phase separation, the aqueous phase was removed, incubated at room temperature with 300 l of 50 mg of lysozyme per ml for 5 min, and then transferred to the Qiagen RNA isolation column. The remaining steps were carried out according to the manufacturer's instructions. RNA was recovered in 400 l of nuclease-free water, and RNA preparations were treated with RQ1 RNase-free DNase (Promega) according to the manu- Fig. 1) . Determination of the transcriptional start of dhbC and the detection of specific dhb transcripts were performed by primer extension and RT-PCR, respectively, with the oligonucleotides listed in Table 2 . RT-PCR analysis was performed with the Access RT-PCR system (Promega) according to the manufacturer's instructions, employing PCR cycling temperatures of 60°C for annealing and 70°C for extension. Amplification products were visualized alongside 100-bp DNA markers in 2% agarose gels after ethidium bromide staining. Primer extension was used to map the 5Ј ends of the dhbC transcript, and the methods employed, including [␥-32 P]ATP labeling of oligonucleotides by polynucleotide kinase, have been described previously (38) .
Measurement of dhbC promoter activity with a lacZ reporter construct. Plasmid pP dhbC ::lacZ was constructed by cloning a 221-bp region containing the B. abortus dhbC promoter upstream of the promoterless lacZ gene in pMR15 (17) . This plasmid was introduced into B. abortus 2308 by electroporation (13) , and ␤-galactosidase production by the plasmid-bearing 2308 cell culture was determined by the methods of Miller (31) . pMR15 is a derivative of the low-copynumber, broad-host-range plasmid RK2, and plasmids of this lineage are typically maintained in B. abortus 2308 at 2 to 4 copies per genome equivalent (39) .
Genetic complementation of the B. abortus dhbC mutant. To facilitate the complementation of the dhbC mutation in trans, the dhbC::Kn r disruption present in BHB1 was replaced with an in-frame, nonpolar ⌬dhbC mutation. The nonpolar dhbC mutation harbors the same 261-bp EcoRV internal deletion used for construction of the polar dhbC::Kn r allele; however, the remaining portions of the dhbC open reading frame (ORF) were ligated together without introducing an antibiotic resistance cassette, resulting in the construction of plasmid pBH28. A 2.1-kb fragment containing the dhbC gene harboring the internal in-frame deletion was removed from pBH28 by digestion with EcoRI. This fragment was incubated with the Klenow fragment of DNA polymerase I (Promega) to fill in its protruding 5Ј ends and cloned into the SmaI site of pEX100T (47) . The resulting plasmid construct was used in a sucrose resistance-based counterselection strategy (47) to introduce the nonpolar dhbC mutation into B. abortus 1. The nonpolar dhbC mutant constructed in this manner was designated BHB2. The genotype of this mutant was confirmed by PCR, and the 2,3-DHBAnegative phenotype of this strain was verified by the Arnow assay. A 2.3-kb EcoRI fragment containing the B. abortus dhbC gene was cloned into pBBR1MCS-4 (23), and the resulting plasmid, pEC2-M (B. H. Bellaire, P. H. Elzer, S. Hagius, J. Walker, C. L. Baldwin, and R. M. Roop II, submitted for publication), was introduced into BHB2 by electroporation (13) .
Virulence assessment of B. abortus strains in pregnant cattle. Virulence studies with pregnant cattle were performed by previously described methods (12) . Pregnant mixed-breed heifers were infected with 10 7 CFU of B. abortus 2308 or BHB1 via the conjunctival route at the beginning of the 3rd trimester of gestation (ϳ220 days). After abortion or birth, fetuses or calves were examined by necropsy. Samples of the lungs and abomasal fluid were collected and cultured.
Heifers that aborted were euthanized and necropsied. For those heifers that bore live calves, milk samples from all four quarters of the mammary gland and intrauterine fluid were collected during the 48-h period following delivery and cultured. Approximately 1 month postdelivery, these heifers were euthanized and necropsied. Portions of the spleen, liver, and mammary glands and the supramammary, inguinal, and parotid lymph nodes were collected for bacteriologic culture. Bacterial isolates were identified as B. abortus by their colony morphology, Gram stain, urease and oxidase reactions, and reaction with B.
FIG. 1. Genetic organization of the B. abortus 2308 vihH-dhbCEBA-entD locus.
Arrows indicate the direction of transcription and bars represent the cloned DNA fragments present in the plasmids described in Table 1 . A functional transcription initiation site upstream of dhbC is depicted by an arrow and a predicted rho-independent transcriptional terminator located downstream of dhbA is represented by a stem-loop structure. Fig. 2A and 3 , respectively. For RT-PCR pairs, upstream (5Ј) and downstream (3Ј) primer pairs are listed as "Up" and "Down," respectively. abortus-specific antiserum. Blood was collected from the heifers prior to challenge and at necropsy. Serum was removed and stored at Ϫ20°C. Sera were evaluated for Brucella-specific antibodies by using the Rose Bengal card test (2) .
Nucleotide sequence accession numbers. The nucleotide sequences of the B. abortus dhb operon and surrounding regions have been deposited in GenBank under accession no. AF302798.
RESULTS
Cloning of the complete B. abortus 2,3-DHBA biosynthesis locus. The cloning and characterization of the B. abortus dhbC and dhbE genes and a portion of the dhbB gene have been previously described (8) . These genes were originally given the designations entC, -E, and -B based on their homology to the corresponding enterochelin biosynthesis genes of E. coli (33) . Because 2,3-DHBA, and not enterochelin, is the end product of the enzymatic pathway encoded by these genes in B. abortus, we propose changing their designation to dhb to more accurately reflect the activity of their products. Subsequent studies revealed that the cloned fragment containing these genes was a central component of a larger siderophore biosynthesis operon. To obtain the complete 2,3-DHBA biosynthesis operon, B. abortus 2308 genomic DNA fragments approximately 40 kb in length were cloned into the cosmid vector pHC79, and the resulting recombinant cosmids were used to transform the E. coli entC mutant SAB11 (7) . Screening the resulting transformants for halo production on CAS plates failed to uncover siderophore-producing colonies, but the presence of the Brucella dhbC in the cosmid library was confirmed by Southern blot analysis of cosmid DNA isolated from a heterogeneous pool of the recombinant SAB11 with a dhbCspecific probe. The same probe was subsequently used in colony blot hybridization to isolate a recombinant E. coli strain carrying the dhbC-containing cosmid. This cosmid was given the designation p2-9H and, consistent with our previous findings, was unable to restore the ability of E. coli SAB11 to produce siderophore activity on CAS plates. To determine if the inability of p2-9H to complement the entC was the result of the low copy number of the base vector in E. coli, a 2.3-kb EcoRI fragment from p2-9H containing the entire dhbC open reading frame was subcloned into the medium-copy-number vector pBBR1MCS-4 (23) and into the high-copy-number vector pBluescript II KSϩ. The resulting plasmids, pEC2-M and pEC2-B (Fig. 1) , respectively, were then introduced into E. coli SAB11, and the resulting transformants were screened for siderophore production on CAS agar plates and by Arnow analysis of supernatants from cultures grown under iron-deprived conditions. SAB11(pEC2-B) produced siderophore levels similar to those observed for SAB11(pPS50) (8) in both assays (data not shown). Strain SAB11(pEC2-M), on the other hand, displayed no detectable siderophore activity on CAS plates and significantly lower activity than SAB11(pEC2-B) in the Arnow assay (data not shown). One possible explanation for the requirement for a high-copy vector for functional complementation of the enterochelin-negative phenotype of E. coli SAB11 by the cloned B. abortus dhbC gene might be inefficient recognition of the B. abortus dhbCEBA promoter sequences by the recombinant E. coli host. This possibility was not further examined experimentally, however.
Genetic complementation of E. coli ent mutants with the corresponding homologs from B. abortus. Analysis of the nucleotide sequences surrounding dhbC suggested that the B. abortus dhb locus consists of ORFs encoding homologs of five (EntC, -E, -B, -A, and -D) of six of the enzymes involved in enterochelin biosynthesis by E. coli (16, 26, 32, 33) . As noted earlier, we have designated the entC, -E, -B, and -A homologs in B. abortus as dhbC, -E, -B, and -A, respectively. Because the function of the B. abortus entD homolog has yet to be defined, however, this gene is presently being referred to as "entD." An ORF encoding a homolog of VibH, an amide synthase that participates in the synthesis of the 2,3-DHBA-containing siderophore vibriobactin in V. cholerae (21, 22, 55) , was also detected. To assess the biochemical activity of these predicted gene products, selected restriction fragments from p2-9H were subcloned into pBluescript II KSϩ (Fig. 1) , and the capacity of the resulting plasmids to complement well-characterized E. coli enterochelin biosynthesis mutants was evaluated. Introduction of pPS50 and pEC6-B into E. coli SAB11(entC) and AN192(entB), respectively, restored the capacity of these strains to produce enterochelin. The latter finding is notable in that pEC6-B lacks the promoter sequences from the B. abortus dhbCEBA operon, and, consequently, expression of the cloned B. abortus dhbB in AN192 is likely dependent upon the activity of the lac promoter resident in the pBluescript II KSϩ cloning vector. With respect to the B. abortus genes encoding homologs of enzymes involved in the conversion of 2,3-DHBA into enterochelin, introduction of pPS50 into E. coli AN193 (entE) restored enterochelin production by this strain, but the introduction of pEC6-B failed to restore enterochelin biosynthesis in the E. coli entD mutant AN190. Interestingly, introduction of pEC6-B failed to restore enterochelin production in the E. coli entB mutant AB1515.24 (53) . EntB is a bifunctional enzyme: the isochorismate lyase activity of this enzyme is involved in the biosynthesis of 2,3-DHBA, while the serine phosphopantetheinylation domain of this enzyme participates in the conversion of 2,3-DHBA to enterochelin (16) . The E. coli entB mutant AN192 lacks the isochorismate lyase activity of EntB due to a nonpolar point mutation in the corresponding gene, but retains the serine phosphopantetheinylation domain and corresponding enterochelin synthetase activity (formerly known as EntG activity) of this enzyme (53) . The E. coli entB mutant AB1515.24, on the other hand, lacks both isochorismate lyase and enterochelin synthase activities (53) due to a polar mutation in the 5Ј end of entB created by the insertion of Tn5. Consequently, the ability of the B. abortus dhbB to complement AN192 but not AB1515.24 suggests that the B. abortus DhbB has lost its capacity to participate in the conversion of 2,3-DHBA to enterochelin. Loss of enterochelin synthetase activity by the B. abortus DhbB was not verified biochemically, however. Genetic organization and iron-responsive expression of the B. abortus 2,3-DHBA biosynthesis operon. Computer-assisted analysis of the nucleotide sequences of the B. abortus dhbC, -E, -B, and -A genes suggested that these genes are transcribed as a polycistronic message (Fig. 1) . The polycistronic nature of the dhbCEBA mRNA and termination of the dhbCEBA transcript in the dhbA-entD intergenic region were confirmed by RT-PCR analysis employing primers designed to detect transcripts arising from contiguous genes ( Fig. 2A) . These studies also indicated that the B. abortus entD homolog is transcribed VOL. 71, 2003 B. ABORTUS 2,3-DHBA OPERON ORGANIZATION AND REGULATIONas part of a separate operon that includes an unidentified downstream gene. Transcripts arising from the B. abortus vibH were not detected. Consistent with dhbC, -E, -B, and -A being transcribed as a discrete operon, a region capable of forming a stem-loop structure (⌬G°ϭ Ϫ13.3 kcal/mol) is present within the dhbA-entD intergenic region (Fig. 1) . B. abortus 2308 produces 2,3-DHBA in response to iron deprivation, but not during growth under iron-replete conditions (27) , suggesting that expression of the dhbCEBA operon is regulated in an iron-repressible manner. Consistent with such a relationship, dhbCEBA-specific transcripts were readily detected in RT-PCR ( Fig. 2A) and Northern blot (Fig. 2B) analyses of total RNA preparations from B. abortus 2308 cultures grown under iron-restricted conditions. On the other hand, dhbCEBA-specific transcripts were not detectable in Northern blot (Fig. 2B) and RT-PCR (data not shown) analyses of total RNA preparations from B. abortus 2308 cultures grown under iron-replete conditions. Initiation of transcription of the dhbCEBA operon could potentially occur at either of the two predicted promoter sequences depicted in Fig. 3 , both of which contain putative ferric iron uptake regulator (Fur)-binding sites (15) . Surprisingly, primer extension analysis showed that both of these promoters are functional in B. abortus when this organism is cultivated under low-iron conditions (Fig. 4) . In contrast, transcription initiation from neither promoter was detected when the primer extension analysis was performed on 
RNA preparations from B. abortus 2308 grown under ironreplete conditions (data not shown).
To further evaluate the capacity of iron to repress expression from the dhbCEBA promoter, we evaluated ␤-galactosidase production by a B. abortus 2308 derivative carrying a plasmidborne dhbC::lacZ fusion following growth under iron-restricted or iron-replete conditions. Significant levels of ␤-galactosidase production were only observed when this strain was grown under iron-restricted conditions (Fig. 5) , further supporting the notion that expression of the B. abortus dhbCEBA operon is repressed in response to increasing levels of iron in the environment.
The B. abortus dhbC mutant BHB1 displays significant attenuation in pregnant cattle. To evaluate the contribution of 2,3-DHBA production to the virulence of B. abortus in its natural ruminant host, pregnant heifers were experimentally infected with virulent strain 2308 and the isogenic dhbC mutant BHB1. The construction of this mutant has been described previously (8) . Briefly, BHB1 was constructed by replacing a 261-bp EcoRV fragment internal to the dhbC coding region with the kanamycin resistance gene aphA3. Because dhbC is the first gene in the B. abortus 2,3-DHBA biosynthesis operon (Fig. 1) , the placement and orientation of the antibiotic resistance cassette in BHB1 prevent the expression of the remain- A two-step approach was used to confirm the link between the dhbC mutation in BHB1 and the inability of this strain to produce 2,3-DHBA in response to iron limitation. First, the polar dhbC mutation in BHB1 was replaced with a nonpolar dhbC mutation, resulting in the construction of BHB2. These two mutants carry the same 219-bp deletion in the dhbC coding region, the only difference being that this deletion was replaced with the aph3A gene in BHB1 (8) , rendering this a polar mutation in this strain. Like BHB1, BHB2 is unable to produce 2,3-DHBA in response to iron limitation (Fig. 6 ). Introduction of a cloned copy of the B. abortus dhbC on a pBBR1MCS-based plasmid restored the capacity of BHB2 to produce 2,3-DHBA in response to iron limitation, confirming the participation of the dhbC gene product in 2,3-DHBA biosynthesis.
Eight out of 10 pregnant heifers inoculated with B. abortus 2308 terminated gestation by either abortion or by giving birth to a weak calf (Table 3 ). All 10 of the animals in this experimental group were culture positive for B. abortus at necropsy, as were their offspring, including 2 healthy calves. All of the adult cattle in this group also displayed positive serological responses in the Rose Bengal card test for Brucella-specific antibodies (data not shown). In contrast, only one of the pregnant heifers inoculated with the dhbC mutant BHB1 experienced abortion (Table 3) . B. abortus was not recovered from this animal at necropsy, nor was it recovered from its aborted fetus. Brucellae were recovered, however, from another adult animal in the BHB1 experimental group as well as from its full-term, healthy calf. Only a single pregnant heifer inoculated with strain BHB1 developed a positive serological response, and this animal neither aborted nor was colonized by BHB1 at the time of necropsy (data not shown).
Although we have successfully used a pBBR1MCS-based vector in genetic complementation experiments in vitro to confirm the role of the B. abortus dhbCEBA operon in 2,3-DHBA biosynthesis, these plasmids have proven to be unreliable for this purpose in the ruminant host (40) . Consequently, we were unable to apply a similar strategy to verify the link between the dhbC mutation in BHB1 and the attenuation of this strain in goats or cattle from a genetic standpoint.
DISCUSSION
Brucella spp. produce the catechol siderophore 2,3-DHBA in response to iron limitation (27, 28) . The biosynthesis of 2,3-DHBA from chorismate in bacteria requires the products of the entC, entB, and entA genes or their homologs (9) . Therefore, it was not surprising that analysis of the genes downstream of the B. abortus dhbC revealed the presence of functional entB and entA homologs (which we have designated dhbB and dhbA). The presence of a functional entE homolog positioned between dhbC and dhbB is also consistent with the genetic organization of other 2,3-DHBA biosynthesis operons, as is the transcription of the B. abortus dhbC, dhbE, dhbB, and dhbA genes into a polycistronic mRNA (30, 32, 33, 54) . Like other prokaryotic 2,3-DHBA biosynthesis operons, transcription of the B. abortus dhbCEBA operon is induced in response to iron limitation and is repressed when sufficient iron is available. Consistent with this finding, both of the promoters identified for this operon are overlapped by consensus Fur-binding sites (15) . The relevance of the presence of two functional promoters upstream of the B. abortus dhbCEBA operon, if any, is unknown. One intriguing, potentially biologically significant possibility is that the dual iron-responsive promoters and Furrecognition sites upstream of the dhbCEBA operon allow this set of genes to be regulated both in concert with and independently from the genes immediately surrounding this operon. In E. coli, the products of the entB, -D, -E, and F genes work together to assemble 2,3-DHBA and serine into enterochelin (19, 32) . Previous studies have shown that B. abortus does not produce enterochelin, nor can it utilize this complex catechol as a siderophore (27) . Consequently, although it was not surprising to find a functional entE homolog (dhbE) embedded in the B. abortus 2,3-DHBA biosynthesis operon, it was initially intriguing to find entD and vibH homologs flanking this locus. The recent description of brucebactin, a complex 2,3-DHBAcontaining siderophore of unknown structure produced by B. abortus (18) , however, offers a possible explanation for the presence of these genes as well as their close proximity to the dhbCEBA operon. This novel siderophore was identified through the failure of a B. abortus 2308 derivative carrying a Tn5 insertion in the vibH homolog to produce this catechol. VibH is a stand-alone nonribosomal peptide synthetase that utilizes a condensation domain (22) to fuse 2,3-DHBA to the polyamine norspermidine during the biosynthesis of the catechol-based siderophore vibriobactin in V. cholerae. Prior to this reaction in V. cholerae, 2,3-DHBA is tethered to the phosphopantetheinyl domain of VibB (a homolog of the B. abortus DhbB) through the activity of VibE (a homolog of the B. abortus DhbE) (29) . VibD, a homolog of the B. abortus EntD, adds the phosphopantetheinyl domain to VibB. The functional domains required for the amide synthase activity of the V. cholerae VibH are highly conserved in the B. abortus VibH homolog (Table 4) , and it is easy to envision a biochemical pathway in which B. abortus DhbB, EntD, DhbE, and VibH fuse 2,3-DHBA with a small nucleophilic molecule, possibly a polyamine or an amino acid, giving rise to brucebactin.
Failure of the B. abortus dhbB and entD to restore the enterochelin synthetase activities of the E. coli entB mutant AB1515.24 and entD mutant AN90 suggests that the products of these genes may not be functional, at least with regard to their capacity to participate in the conversion of 2,3-DHBA into enterochelin. However, the enterochelin synthase of E. coli is a multienzyme complex consisting of EntB, -E, -D, and -F (19) , and it is possible that the inability of B. abortus EntD and DhbB to function in enterochelin synthetase activity results from their failure to properly interact with the other components in complex formation, and not their lack of aryl carrier protein and phosphopantetheinyl transferase activities, respectively. Indeed, the proposed serine phosphopantetheinylation domain of EntB (16) is highly conserved in the B. abortus DhbB, and DhbD contains two highly conserved phosphopantetheinylation domains (24) ( Table 4) . Our inability to detect transcription of the B. abortus vibH homolog in response to iron limitation raises another question with regard to the potential participation of these genes in brucebactin synthesis. However, this siderophore appears to be produced later in growth than 2,3-DHBA and at much lower levels (18) . This would be consistent with expression of the B. abortus vibH homolog being regulated in a different manner from the dhbCEBA operon in response to environmental iron levels, and this may explain our inability to detect the vibH transcript under the conditions employed in our study. Obviously, a definitive evaluation of the participation of the B. abortus dhbB, dhbE and entD homologs in brucebactin synthesis will require mutational analysis of these genes.
2,3-DHBA production is not required for the survival and replication of B. abortus in cultured murine macrophages or its virulence in BALB/c or C57BL/6 mice (8, 34). Our results with pregnant cattle, on the other hand, indicate that 2,3-DHBA is essential for wild-type virulence in the natural host. These findings also corroborate those of an earlier pilot study showing that BHB1 is attenuated in pregnant goats (Bellaire et al., Abstr. 100th Gen. Meet. Am. Soc. Microbiol. 2000). The reason for the differential behavior of the B. abortus dhbC mutant in murine and ruminant hosts is unknown, but one particular phenotypic characteristic of this strain offers a possible explanation. Unlike its parental strain, the B. abortus dhbC mutant BHB1 displays considerable growth restriction in vitro when grown under low-iron conditions in the presence of erythritol (Fig. 7) (Bellaire et al., submitted) . This defect can be alleviated by adding 2,3-DHBA or FeCl 3 to the growth medium, or by genetic complementation of the dhbC mutation, and is not observed when BHB1 is cultivated in low-iron medium with other carbon and energy sources or when this strain is grown in iron-replete medium. At present, our experimental results suggest that utilization of erythritol by B. abortus imposes an unusually high physiologic demand for iron on this bacterium and that the biosynthesis of 2,3-DHBA is required to meet (4, 51) , and this four-carbon sugar alcohol is produced in large quantities by ruminant placental trophoblasts during the latter stages of pregnancy (14, 35, 49) . Massive intracellular replication of B. abortus in these cells is associated with abortion (1, 14, 35, 42, 50) , the cardinal clinical presentation observed with bovine brucellosis. It has long been postulated that the capacity of B. abortus to efficiently metabolize erythritol in the reproductive tract of ruminants plays a key role in virulence (49) . Indeed, the attenuation of the bovine vaccine strain B. abortus S19 has been ascribed at least in part to its inability to catabolize erythritol (44, 45, 52) . In contrast, erythritol is not a major component of murine tissues, and an isogenic derivative of B. abortus 2308 carrying Tn5 inserted in the erythritol catabolism operon retains its virulence in the mouse model (44) . Combined, these findings strongly suggest that the basis for the attenuation of the B. abortus dhbC mutant BHB1 is its inability to efficiently utilize erythritol in the ruminant reproductive tract. Comparison of the phenotype of a B. abortus dhbC mutant with that of an isogenic strain carrying a defined lesion in its erythritol catabolism genes (e.g., eryA) (45) in pregnant ruminants will be important for better defining the relationship between 2,3-DHBA production, efficient erythritol utilization, and virulence in the natural host. Should subsequent studies verify the participation of dhbE, vibH, and entD in the conversion of 2,3-DHBA into brucebactin, B. abortus strains carrying defined lesions in these loci will be useful for separating the contributions of 2,3-DHBA and brucebactin to efficient erythritol metabolism and virulence in the bovine reproductive tract. Developing a genetic complementation strategy for B. abortus that can be reliably used in ruminants will be critical for these types of studies. 
